We investigated the amount and distribution of hydrogen peroxide (H 2 O 2 ) generated in a solid gelatin sample irradiated by heavy ion (carbon) beam. We irradiated the gelatin sample, which contained a nitroxyl radical (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl, TEMPOL), with a 290-MeV/nucleon carbon beam (¿128 Gy). To verify the distribution of H 2 O 2 generation in the irradiated sample, we employed both electron paramagnetic resonance (EPR) spectroscopic and magnetic resonance (MR) imaging methods based on H 2 O 2 -dependent paramagnetic loss of TEMPOL. We obtained a distribution proˆle of the H 2 O 2 -dependent reaction in the gelatin sample when we irradiated gelatin samples with carbon beams with several diŠerent linear energy transfer (LET) values. Because the proˆles of oxygen consumption in the gelatin sample measured by L-band EPR oxymetry and of the H 2 O 2 -dependent reaction have almost the same shape, the proˆle of the H 2 O 2 -dependent reaction can be used as an estimation of the proˆle of the generation of H 2 O 2 . The H 2 O 2 proˆle in one intact gelatin sample scanned by 7-tesla MR imaging showed a similar shape as a result of the EPR experiment. We obtained several hundreds of micromolars of H 2 O 2 generated in a gelatin sample irradiated by carbon beam when 200 Gy was given at the surface of the sample. H 2 O 2 distribution was almost ‰at, with only a slight peak just before the end of the beam.
Introduction
Heavy ion radiation is expected to be applied clinically in cancer therapy. 1 It is eŠective against hypoxic tumors because irradiation with high values of linear energy transfer (LET) has a lower oxygen eŠect compare to low LET radiations, such as X-ray. [2] [3] [4] The detectable oxygen eŠect of heavy ion radiation is rather important to improving the quality of heavy ion therapy. In conventional radiation and heavy ion therapies, regulation of reactive oxygen species (ROS) in normal tissues is important and requires identiˆcation of the speciˆc molecular species. Side eŠects of ROS generation in normal tissues include in‰ammation,ˆbrosis, and/or malfunction of the tissues. Heavy ion radiation gives a special geometrical distribution of the dose and the LET (Bragg curve) in an irradiated subject. However, such characteristic distributions of the dose and the LET of heavy ion radiation make the details of ROS generation by heavy ion irradiation in biological systems unclear. Understanding the oxygen eŠect of high LET irradiation requires detection of ROS caused by heavy ion beam irradiation and estimation of its distribution in an irradiated sample. A noninvasive method to detect speciˆc ROS generation that can be translated to an imaging technique may be useful.
Beta-, X-, or gamma-ray exposure of a solution containing a nitroxyl radical and glutathione (GSH) or other hydrogen donors (H-donor), such as nicotinamide adenine dinucleotide (NADH) and/or nicotinamide adenine dinucleotide phos-phate (NADPH), produces a dose-dependent reduction in the electron paramagnetic resonance (EPR) signal intensity of the nitroxyl radical. [5] [6] [7] Because the loss in EPR signal is based on the redox reaction of nitroxyl radicals, ascertaining the magnitude of the signal loss permits detection of free radical generation in the sample irradiated by ionizing radiation.
When ionizing radiation is deposited in water, ROS are generated directly by ionization of the water and/or indirectly by sequential oxygen-mediated reactions. [8] [9] [10] Nitroxyl radicals in water can be oxidized to the corresponding oxoammonium cation by reacting with ROS, such as hydroxyl radical (･OH) and/or superoxide (O 2 ・-). The oxoammonium cation can be reduced to the corresponding hydroxylamine by receiving a hydrogen atom from H-donors, i.e., NADH and/or NADPH. 6, 11, 12 Hydroxylamine can be readily reoxidized to the original nitroxyl radical under an oxidative atmosphere. The ･OH can also reoxidize hydroxylamine to a nitroxyl radical, but the oxoammonium cation can irreversibly react with GSH to form another complex, the structure of which has not been identiˆed. 6 This irreversible reaction of nitroxyl radicals and GSH is an advantage for quantifying the amount of free radical reaction. The amount of GSH-dependent reduction of nitroxyl radicals re‰ects the total participation of ROS (･OH and/or O 2
・-
) in the reduction of nitroxyl radicals. The reduction of nitroxyl radical has been reported undetectable at a relatively low dose of irradiation (º16 Gy) without GSH or other Hdonors, 6 but in the same experiment, irradiation of an aqueous solution of a nitroxyl radical with a relatively high dose (¿256 Gy) of X-ray produced a slight reduction of the nitroxyl radical without GSH or other H-donors. Suppressing the reaction by catalase conˆrmed that this GSH-independent reduction of nitroxyl radical during radiation depends partly on the generation of hydrogen peroxide (H 2 O 2 ) in the sample. Simultaneous oxygen consumption with H 2 O 2 generation in a water sample irradiated by X-rays was also observed. 
Materials and Methods

Chemicals
We purchased 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL; Sigma-Aldrich Co., St. Louis, MO, USA), synthesized lithium octa-nbutoxy-naphthalocyanine (LiNc-BuO) in our laboratory according to a method reported by Pandian and colleagues, 13 and used other chemicals of analytical grade. We used deionized water (deionization using the Direct-Q UV system; Millipore Corporation, Billerica, MA, USA) for all experiments.
GSH-independent reduction of TEMPOL in water by X-ray irradiation
We irradiated an aqueous solution of 0.1 mM TEMPOL with 0 to 128 Gy of X-rays, using a PANTAK 320 system (Shimazu, Kyoto, Japan) at room temperature ( §249 C). EŠective energy was 80 keV under the following conditions: X-ray tube voltage, 200 kV; X-ray tube current, 20 mA; and pre-ˆlter composition, 0.5 mm copper and 0.5 mm aluminum. The dose rate was 3.5 Gy/min. After irradiation, 100 mL of the reaction mixture was drawn up into PTFE tubing (internal diameter, 0.32±0.001 inch; wall, 0.002±0.0005 inch; ZEUS, Orangeburg, SC, USA), and placed in the transverse electric (TE) mode cavity using a special sample holder. The EPR spectrum was measured by an X-band EPR spectrometer (JEOL, Akishima, Japan) and analyzed using a homemade software. We recorded the center peak of the triplet EPR lines of the nitroxyl radical under the following conditions: microwave frequency, 9.45 GHz; microwave power, 2 mW; magneticˆeld of starting sweep, 336.1 mT;ˆeld sweep width, 1.25 mT;ˆeld sweep resolution, 1024 points; sweep time, 7.5 s; time constant, 0.01 s;ˆeld modulation frequency, 100 kHz; andˆeld modulation width, 0.063 mT. EPR data acquisition was controlled using a WIN-RAD ESR data analyzer system (Radical Research, Inc., Hino, Japan). The acquired EPR spectrum was analyzed using an in-house lineˆtting program, and a Gaussian line shape wasˆtted. We measured the signal height and line width of theˆt-ted Gaussian line and then obtained EPR signal intensity by (signal height)×(line width) 2 .
EŠect of X-ray irradiation of dry TEMPOL crystals
We irradiated dry TEMPOL crystals with 128 Gy of X-ray under the above-described conditions of X-ray irradiation but at a dose rate of 4.0 Gy/min, prepared a solution of 2.00 mM TEMPOL using irradiated and non-irradiated TEMPOL crystals, compared X-band EPR signal intensity, and recorded the center peak of the triplet EPR lines of the nitroxyl radical. Conditions of X-band EPR measurement and EPR data manipulation were as described above. X-ray irradiation and measurements were performed at room temperature.
Oxygen consumption in water during X-ray irradiation
We measured oxygen consumption in an aqueous sample during X-ray irradiation using EPR oxymetry, 14 with LiNc-BuO as the oxygen probe. We placed 1.5 to 1.8 mg of LiNc-BuO crystals in 3 microtubes, two of which wereˆlled with water or phosphate buŠer saline (PBS) without bubbles; sealed all tubes airtight; and measured EPR line widths by L-band EPR (JEOL, Akishima, Japan) using a surface coil resonator. Samples were irradiated by X-ray after EPR measurement at a dose of 64, 128, or 256 Gy. EPR line widths were measured again after irradiation. X-ray irradiation conditions were as described above (3.5 Gy/min dose rate). L-band EPR conditions were: microwave frequency, 1.1 GHz;ˆeld modulation frequency, 100 kHz; time constant, 0.03 s; scan rate, 0.075 to 0.25 mT/min; microwave power, 2 to 4 mW; andˆeld modulation width, 0.016 to 0.5 mT. EPR parameters were adjusted according to the EPR line width of the sample. The EPR spectrum was analyzed using an in-house line-ˆtting program, a Lorentzian line shape wasˆtted, and the peak-topeak line width of theˆtted Lorentzian line shape was recorded.
Generation of H 2 O 2 in water by X-ray irradiation
Weˆlled a microtube with water or PBS without bubbles, sealed it airtight, irradiated the tube with X-rays as described above at a dose of 64, 128, or 256 Gy administered at 3.5 Gy/min, and measured H 2 O 2 concentration in the solution inside the tube using the method described by Frew and associates. 15 EŠect of additional H 2 O 2 on the reduction of TEM-POL
We prepared aqueous solutions of 0.1 mM TEM-POL using water containing H 2 O 2 (0, 0.5, or 1.0 mM); irradiated reaction mixtures containing TEMPOL and H 2 O 2 with 128 Gy of X-ray; and measured the center peak of the triplet EPR lines of TEMPOL by X-band EPR after irradiation. The conditions of X-ray irradiation (3.5 Gy/min dose rate), X-band EPR measurement, and EPR data manipulation were as described above.
EŠect of catalase on the reduction of TEMPOL
We irradiated the aqueous solution of 0.1 mM TEMPOL with 128 Gy of X-ray (E eŠ ＝80 keV) with or without catalase (1500 unit/mL) and measured the center peak of the triplet EPR lines of TEM-POL by X-band EPR after irradiation. The conditions of X-ray irradiation (3.5 Gy/min dose rate), X-band EPR measurement, and EPR data manipulation were as described above.
Reduction of TEMPOL by 290-MeV carbon beam irradiation
We dissolved 35 g of gelatin and 50 g of sucrose in 200 mL of water at 809 C. Theˆnal volume of gelatin solution was 250 mL, and theˆnal concentration (w/vz) of gelatin was 14z and of sucrose, 20z. After cooling the gelatin solution to nearly room temperature, we added 1.67 mL of 300 mM of water solution of TEMPOL to achieve aˆnal concentration of 2.0 mM TEMPOL; transferred the gelatin solution to a 50-mL Falcon T-25 ‰ask (Becton Dickinson and Company, Franklin Lakes, NJ, USA) with the ‰ask neck removed (Fig. 1A) ; and allowed the gelatin solution to cake at room temperature.
We irradiated the caked gelatin sample in the plastic container using a 290-MeV carbon monobeam using the Heavy Ion Medical Accelerator in Chiba (HIMAC; National Institute of Radiological Sciences, Chiba, Japan). The ‰ask containing the gelatin preparation was placed in a ‰ask holder and irradiated from one side (Fig. 1A) . Irradiation was performed by applying several LET values (15 to 100 keV/mm) at the surface of the gelatin. We calculated the LET at the surface of the gelatin sample based on the thickness of the binaryˆlter and the polystyrene ‰ask wall. The dose at the surface of the gelatin sample was 128 Gy. Dose per count ranged from 5.3×10 -5 to 2.1×10 -4 Gy/count for the range of LET values used. The irradiation time for 128 Gy was 301 to 1058 s under those conditions.
An aliquot (¿35 mL) of gelatin from the irradiated side wall was sampled into a glass capillary after irradiation (Fig. 1A) . Three capillary samples were obtained from each ‰ask. The capillary samples were measured by X-band EPR 30 min after irradiation. The EPR conditions and data manipulation were the same as used in the above X-band EPR experiment.
Oxygen consumption in gelatin sample by carbon beam irradiation
For EPR oxymetry, we applied LiNc-BuO powder suspended in corn oil to the inside wall of the Falcon T-25 ‰ask (Fig. 1B) , then poured the 14z gelatin solution containing 20z sucrose into the ‰ask, and let it cake at room temperature. The ‰ask was sealed airtight. Carbon beam irradiation was performed as above except that the dose at the surface of the gelatin sample was 200 Gy. We measured the L-band EPR spectrum of LiNc-BuO using a surface coil resonator placed directly on the ‰ask 30 min after irradiation. The EPR conditions and data manipulation were as in the above L-band EPR experiment.
MR imaging measurements
The gelatin preparation containing 2.0 mM TEMPOL was caked in a cylindrical plastic tube Fig. 2 . Dose-dependent reduction of 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL) in pure water by X-ray irradiation. We irradiated 0.1 mM water solution of a nitroxyl radical with 0 to 128 Gy of X-ray (eŠective energy [EeŠ ]＝80 keV) at 3.5 Gy/min; measured X-band electron paramagnetic resonance (EPR) signal intensity; and recorded the center peak of triplet EPR lines of the nitroxyl radical. X-band EPR conditions and data manipulations are described in the text. Marks and error bars indicate the mean value±standard deviation (SD) of 3 samples. (Fig. 1C) , and the sample was placed in a sample holder, with half of it shaded by a brassˆlter onecm thick. The sample was then irradiated with a 290-MeV carbon beam from one end using the HIMAC. Irradiation was performed with a 120-mm binaryˆlter. The dose at the surface of the gelatin sample was 200 Gy. Dose per count at the surface of the gelatin was 7.1×10 -5 Gy/count. The irradiation time was 997 s.
Proton MR imaging acquisition started 30 min after irradiation. MR imaging measurements were performed with a 7.0-tesla horizontal magnet (magnet, Kobelco, Japan; console, Bruker Biospin, Germany) with a volume coil of 72-mm diameter for transmitting and receiving (Bruker Biospin). A gradient coil (BGA12, 120-mm inner diameter, Bruker Biospin) and shim coil (BS20; Bruker Biospin) were located inside the 400-mm magnet bore. The gelatin sample was placed in the center of the volume coil using an improvised holder. T 1 -weighted spin-echo MR imaging was acquired using the parameters: repetition time (TR), 400 ms; echo time (TE), 9.57 ms; matrix size, 128×128;ˆeld of view (FOV), 80×80 mm; slice thickness, 2 mm; and average number, 4. The scan time was 3 min 25 s. After the T 1 -weighted MR imaging measurements, we obtained a series of MR images for T 1 mapping using the saturation recovery method with the parameters: TR, 200, 400, 800, 1600, 3200, and 6400 ms; TE, 15 ms; matrix size, 256×192; FOV, 80×80 mm; slice thickness, 2 mm; and average number, one. The total scan time was 40 min 19 s. We then calculated the longitudinal relaxation rate (R 1 ), which is a reciprocal of T 1 .
After we deˆned 2 regions of interest, ROI-1 and ROI-2, on the R 1 map of the identical sample, we obtained in-depth proˆles in the ROIs for irradiated (proˆle-1) and non-irradiated (proˆle-2) parts of the sample. We calculated R 1 change (DR 1 ) in the irradiated part of the sample as:
. Image handling and analysis were performed using ImageJ ver. 1.36b (a public domain Java image processing software inspired by NIH Image, which can be extended by plug-ins, http://rsb.info.nih.gov/ij/) on a Windows PC.
Measurement of radioactivation proˆle
We set a cover glass 0.12-to 0.17-mm thick in a plastic container (Fig. 1D) ;ˆlled the container with 14z gelatin containing 20z sucrose and 2 mM TEMPOL;ˆxed the gelatin sample at room temperature to make the surface as ‰at as possible; irradiated the samples with 290-MeV carbon beam (200 Gy at the surface of the sample) using the HIMAC; and then removed the cover glass and washed it with hot water. The distribution of radioactivity on the cover glass was burned using an imaging plate, and scanned by BAS-5000 (Fujiˆlm Co., Tokyo, Japan).
Results
GSH-independent reduction of TEMPOL in water by X-ray irradiation Figure 2 shows the results of reduction of TEM-POL in water without GSH following X-ray irradiation. We estimated the amount of decay as §0.1 mmol/L/Gy from the slope of the plot. The reduction of TEMPOL in the reaction mixture containing GSH was §2.4-3.1 mmol/L/Gy. 6, 7 In other words, 1/25 to 1/30 of TEMPOL reduction in the GSH-containing reaction mixture during X-ray irradiation was attributable to a GSH-independent reaction.
To see the direct eŠect of X-rays on TEMPOL molecules, we irradiated dry TEMPOL crystals with 128 Gy of X-ray. We accurately weighed irradiated and non-irradiated crystals and dissolved them in water to make exactly 2.00 mM of solution. When we compared X-band EPR signal intensities of the solutions using irradiated and non-irradiated TEMPOL crystals (data not shown), we Fig. 3 . X-ray dose-dependent oxygen consumption and simultaneous hydrogen peroxide (H 2 O 2 ) generation in water sample. The pO 2 was measured by Lband electron paramagnetic resonance (EPR) oxymetry using lithium octa-n-butoxy-naphthalocyanine (LiNc-BuO) as the oxygen probe. The values of pO 2 in the air (open diamond) were steady even after irradiation. The values of pO 2 in Milli-Q water (black square) and phosphate buŠer saline (PBS; gray triangle) decreased dose-dependently. Marks and error bars indicate the mean value±standard deviation (SD) of at least 4 samples. L-band EPR conditions are described in the text. We measured H 2 O 2 in the sample using the method of Frew and associates. 15 Columns indicate H 2 O 2 concentrations in water (black) and PBS (gray). Columns and error bars indicate the mean value and standard deviation (SD) of 3 samples. Fig. 4 . Relation of hydrogen peroxide (H 2 O 2 ) on the reduction of 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL) by X-ray irradiation. Effect of catalase on the reduction of TEMPOL by X-ray irradiation. We irradiated a reaction mixture containing 0.1 mM TEMPOL by X-ray (E eŠ ＝80 keV, 128 Gy) with or without catalase (1500 unit/ mL) and recorded the center peak of triplet electron paramagnetic resonance (EPR) lines of the nitroxyl radical. X-band EPR conditions and data manipulations are described in the text. Column and bar indicate average value and standard deviation (SD) of 3 samples. Oxygen consumption and H 2 O 2 generation in water during X-ray irradiation Figure 3 shows simultaneous dose-dependent oxygen consumption and H 2 O 2 generation during X-ray irradiation observed in water and PBS. We calculated the slope of least square approximation between oxygen consumption and X-ray dose as 0.24 mmHg/Gy for water and 0.22 mmHg/Gy for PBS, which can be converted to 0.38 mmol/L/Gy for water and 0.36 mmol/L/Gy for PBS at room temperature. The slope of least square approximation between H 2 O 2 and X-ray dose was 0.21 mmol/L/Gy in both water and PBS. The resulting values of H 2 O 2 generation and oxygen consumption were similar but not identical.
Contribution of H 2 O 2 to the reduction of TEM-POL
We tested the contribution of H 2 O 2 to the reduction of the nitroxyl radical, TEMPOL, in a sample irradiated by X-ray. Figure 4 shows the eŠect of catalase added to the TEMPOL solution. The addition of catalase only partly suppressed decay of the EPR signal of TEMPOL during X-ray irradiation with 128 Gy, but that suppression was signiˆcant. This EPR signal decay of TEMPOL during high dose X-ray irradiation might not re‰ect a direct reaction of TEMPOL with H 2 O 2 , but the reaction was dependent on H 2 O 2 , and there is a linear relation between reduction of TEMPOL and generation of H 2 O 2 .
Reduction of TEMPOL and oxygen consumption by irradiation with carbon ion beam
The sample solution was caked by a relatively high concentration (14z) of gelatin to minimize the diŠusion of molecules after irradiation. We irradiated several gelatin samples containing 2 mM TEMPOL at the surface of the gelatin using a 290-MeV carbon ion beam with diŠerent LET values. The reduction of TEMPOL in the surface gelatin decreased with increasing LET when the dose at the surface was identical (Fig. 5A) . Because the dose rate and LET in a large sample vary de- pending on the particular depth, the amount of EPR signal decay should be compared with an identical irradiation time when considering heavy ion irradiation to a large solid sample. From values shown in Fig. 5A , we calculated the amount of EPR signal decay during an identical irradiation time and re-plotted the decay with calculated water depth (Fig. 5B) . Figure 5B shows prediction of the depth-dependent proˆle of EPR signal decay in one large gelatin sample. The proˆle of EPR signal decay was almost ‰at from 125 to 145 mm in a sample, peaked slightly around 145 mm just before the beam end, and then steeply decreased. Figure 6 shows LET and depth dependence of oxygen consumption in gelatin samples undergoing 290-MeV carbon ion beam irradiation. Oxygen consumption in surface gelatin sampled after irradiation tended to decrease with increasing LET when the dose at the surface was identical (Fig.  6A) . Depth dependence of oxygen consumption during an identical irradiation time (Fig. 6B) showed a similar shape to the proˆle of EPR signal decay.
Visualizing H 2 O 2 generation by carbon ion beam irradiation to an intact gelatin sample Figure 7A shows an R 1 map of the gelatin sample irradiated by carbon beam; the irradiated part is shown by a black dotted line. A good R 1 contrast diŠerence is observed between the irradiated and . 7A ). Figure 7B shows the proˆle of DR 1 calculated in the irradiated part of the sample (black solid line). The proˆle of DR 1 in an intact solid sample shows a similar shape to the proˆle of EPR signal decay.
Discussion
When we irradiated a water solution of TEM-POL with a relatively high dose (¿128 Gy) of Xrays, we observed dose-dependent reduction of TEMPOL (Fig. 2) . Reduction of TEMPOL during X-ray irradiation in the absence of GSH can occur only in an aqueous environment. X-ray irradiation of an aqueous sample produces H 2 O 2 with a concomitant consumption of oxygen dissolved in the sample. Figure 4 suggests that this GSH-independent reduction of TEMPOL is partly a H 2 O 2 -dependent reaction because catalase restrained half of the reaction. As a result, both H 2 O 2 production and oxygen consumption are linearly related with the TEMPOL reduction. Although, the GSH-independent reduction of TEMPOL may not be a direct reaction of H 2 O 2 , the amount of TEMPOL reduction and concomitant oxygen consumption can be an index for the H 2 O 2 generation in the sample.
Previously, when excess (À1 mM) H 2 O 2 was added to the reaction mixture, this GSH-independent reduction of TEMPOL was slightly exaggerated, but the level of exaggeration was much smaller than the amount of H 2 O 2 added (data not shown). This result suggests that the H 2 O 2 itself does not work as an H-donor. H 2 O 2 may work indirectly to reduce TEMPOL, for example, as an ingredient giving an H-donor. Investigation of the mechanism of the H 2 O 2 -dependent reduction of TEMPOL is still in progress.
To estimate H 2 O 2 generation by a carbon ion beam, we compared GSH-independent reduction of TEMPOL and oxygen consumption in gelatin samples irradiated by carbon ion beam. The proˆle of depth dependence of EPR signal decay during an identical irradiation time (Fig. 5B) showed a very similar shape to that of oxygen consumption (Fig.  6B ). This fact suggests that the GSH-independent reduction of TEMPOL is proposed with oxygen consumption, which is proposed with H 2 O 2 generation. Therefore, the GSH-independent reduction of TEMPOL can serve as an index of H 2 O 2 generation in the gelatin sample irradiated by carbon ion beam.
In Fig. 5B , the expected LET at a depth of 145 mm was 60 keV/mm, where the expected dose given for 360 sec was 120 Gy. At this depth, the reduction of TEMPOL per dose was expected to be 0.3 mmol/L/Gy, which was broadly equal to or slightly larger than the 0.1 mmol/L/Gy of the X-ray. Figure  6B shows that oxygen consumption per dose at 145 mm depth, where the LET was expected to be 60 keV/mm, was expected to be 0.2 mmol/L/Gy. This amount of oxygen consumption was roughly similar or slightly lower than the 0.38 to 0.36 mmol/ L/Gy X-ray irradiation. When we consider the same dose in a target tissue at a practical depth, these results suggest that H 2 O 2 generation in a gelatin sample irradiated by carbon ion beam is roughly similar to that with X-ray irradiation.
DR 1 values obtained in the irradiated part were 0.04 to 0.06 s -1 , which corresponded to 0.24 to 0.35 mmol/L TEMPOL when calculated using the relaxivity of TEMPOL at room temperature as 0.17 mM
. 16 The decrease of 0.24 to 0.35 mmol/L TEMPOL corresponded to 0.50 to 0.74 mmol/L H 2 O 2 , if it was simply calculated as the X-ray equivalent. Hence, we estimated several hundred micromolars of H 2 O 2 generation for the 290-MeV carbon ion beam when 200 Gy was given at the surface of the gelatin sample.
Considering actual clinical carbon beam therapy, one fraction dose can be estimated as several ones to several tens of Gy. 1 Our results indicate that several ones to tens of micromolars of H 2 O 2 generation can be predicted in a normoxic tissue irradiated by carbon ion beam at the dose used in cancer therapy at each fraction. The distribution of H 2 O 2 can be expected as relatively ‰at from the surface (skin) to the beam end (target tumor tissue), although this may be aŠected by the tissue pO 2 . In future rational heavy ion cancer therapy, antioxidative treatments for skin or other normal tissues may have some safety advantages in achieving lower fraction number using higher dose.
Conclusion
We detected simultaneous H 2 O 2 generation and oxygen consumption in water irradiated using relatively high dose (¿256 Gy) X-ray irradiation. H 2 O 2 generated in an aqueous solution of a nitroxyl radical, TEMPOL, participated in reducing the nitroxyl radical during X-ray irradiation because catalase inhibited the reduction of nitroxyl radical. We analyzed H 2 O 2 generation in a solid gelatin sample irradiated by carbon beam using this reaction system and estimated H 2 O 2 generation according to the loss of EPR signal of TEMPOL in samples irradiated with several diŠerent LET values. The oxygen consumption proˆle, which was measured with EPR oxymetry, showed almost the same shape as the proˆle of TEMPOL reduction. H 2 O 2 generation in an intact gelatin sample estimated by MR imaging also showed a similar distribution to the result of the EPR experiment. When considering the dose used in clinical cancer therapy, the generation of several ones to tens of micromolars H 2 O 2 in a sample irradiated by carbon beam can be expected with almost ‰at distribution from the surface to the beam end.
